The cessation or reduction of fishing in marine protected areas (MPAs) should promote an increase in abundance and mean size and age of previously exploited populations. Thus density-dependent changes in life-history characteristics should occur when populations are allowed to recover in MPAs. In this review, we synthesize the existing information on resource limitation in marine ecosystems, densitydependent changes in life-history traits of exploited populations and evidence for biomass export from MPAs. Most evidence for compensatory changes in biological variables has been derived from observations on populations depleted by high fishing mortality or on strong year classes, but these changes are more evident in juveniles than in adults and in freshwater rather than in marine systems. It is unclear if adults of exploited marine populations are resource limited. This may suggest that exploited populations are controlled mainly by density-independent processes, which could be a consequence of the depleted state of most exploited populations. MPAs could be a useful tool for testing these hypotheses. If we assume that resources become limiting inside MPAs, it is plausible that, if suitable habitats exist, mobile species will search for resources outside of the MPAs, leading to export of biomass to areas which are fished. However, it is not possible to establish from the available data whether this export will be a response to resource limitation inside the MPAs, the result of random movements across MPA boundaries or both. We discuss the implications of this process for the use of MPAs as fisheries management tools.
Introduction
A large number of marine protected areas (MPAs) have been established around the world during the last century ( Jones et al. 1993) and while some offer protection to pristine natural communities, others attempt to halt further deterioration of sensitive habitats or serve as fisheries management tools for long-term sustainability of fisheries (Ramos & McNeill 1984; Rowley 1994; Kelleher et al. 1995) .
Fishing reduces population abundance, preferentially removing larger and older fish, thus changing the size and age structure of exploited populations ( Jennings & Polunin 1996; Goñi 1998) . The cessation or reduction of fishing may promote an increase of abundance as well as the mean size and age of the protected populations. The effect of fishing restrictions on density and biomass of fish populations has been thoroughly investigated both in the Mediterranean (Table 1) , and in other marine regions (Dugan & Davies 1993; Jones et al. 1993; Ferreira & Russ 1995; Jennings et al. 1995; McClanahan & Kaunda-Arara 1996; Russ & Alcala 1996) . Most studies show that the species more likely to respond to the cessation of fishing in MPAs ('reserve effect') are large, long-lived predators, organisms highly vulnerable to fishing and those the populations of which are overexploited (PDT [Plan Development Team] 1990 ; Roberts & Polunin 1993; Bohnsack 1996 ; Table 1 ). Other species may not be influenced by protection or may show the opposite response (lower abundance or biomass in MPAs), presumably due to inter-specific interactions (Table 1 ; Pinnegar et al. 2000) .
The expected higher densities of previously-exploited species in MPAs may produce an augmentation of intraspecific and interspecific competition as biomass of the populations approaches the carrying capacity of the area. The importance of taking proper account of density-dependent changes in life-history traits for stock assessment purposes was pointed out early on by Beverton and Holt (1957) . It was warned that 'the dependence of the biological parameters on population density is of fundamental importance and that failure to take this into account would probably result in overestimating the potential increases in yield that could be obtained from reducing fishing mortality' (Beverton & Holt 1957) . A number of authors have later found support for this contention (Polovina 1989; Trippel et al. 1997) . In the particular context of MPAs, Hastings and Botsford (1999) emphasize the importance of density-dependent processes in their function and effectiveness as fisheries management tools.
Density-dependent compensatory processes have been proposed in numerous studies as the operating mechanisms (Stearns & Crandall 1984) , and could conceivably be easily affected by changes in population density in protected areas after fishing restrictions are put in place if resources become limiting. Few studies address density-dependent responses in the context of protected populations (Buxton 1993; Ferreira & Russ 1995; Macpherson et al. 1997; Pastoors et al. 1998) . In principle, compensatory changes in life-history parameters opposite to those ones described in exploited stocks should be expected when populations are allowed to recover in MPAs. Finally, since protected areas are not closed systems, the limitation of resources brought about by increased competition in dense protected populations could induce density-dependent emigration from MPAs, a process referred to as spillover. This later process would lead to a reduction of the rate of increase in density inside the protected area.
In this review we summarize the results of studies which assess potential density-dependent responses in exploited and natural marine populations. Interspecific interactions are not explicitly addressed here (Pinnegar et al. 2000) . This review is divided in four sections. The first addresses resource limitation in marine populations. In the second, we review available data on density-dependent changes in lifehistory traits. The third section summarizes the available evidence on spillover from MPAs, and in the final section, the findings and implications for MPA managers are discussed.
Are exploited marine populations resource limited?
The necessary condition for competition to occur is that resources must be in short supply (Pianka 1981) . In the marine environment, the resources subject to limitation are primarily food and space. Therefore, it is relevant to ask if marine ecosystems are close to their carrying capacity. Christensen and Pauly (1998) provide a functional definition of carrying capacity as 'the upper limit of biomass that can be supported by a set primary production and within a variable food web structure is reached when total system respiration equals the sum of primary production and detritus import'. Direct estimation of the carrying capacity is difficult to obtain because of the difficulties in quantifying the availability and quality of the enormous variety of foods and habitats required by all the species in a system.
An alternative for exploring the occurrence of food limitation is to look at the accuracy of inferred predictions (Edgar 1993) . For instance, the observed ecosystem shifts following protection, such as cascade effects on urchins and algae (McClanahan 1994a; Sala et al. 1998) , could be used as evidence of intense predation by fish, and, consequently, that food limitation is likely to occur. Caution must be exercised, however, because cascade effects may not be as widespread as previously thought (Menge 1992; Pinnegar et al. 2000) , and also the effects of fish predation seem to be dependent on the scale of observation. In this regard, while several small-scale studies effectively found predation effects (Hixon & Beets 1993) , other studies at large spatial scales have failed to detect significant large-scale increases in prey abundance following decreases in predator biomass due to fishing (Bohnsack 1982; Jennings et al. 1995; Jennings & Polunin 1997) . Another signal of food limitation can be obtained by observing the proportion of time spent feeding by an individual, high foraging effort being indicative of food limitation (Bruggemann et al. 1994) . Moreover, comparisons amongst sites that differ in their productivity can give some indication of the 'saturation' of habitats in terms of biomass or abundance. A comparison of total fish biomass in the Western Mediterranean MPAs of Columbretes and Cabrera showed differences which could be partially explained by their distinct levels of primary productivity under the hypothesis that fishes inside MPAs maximize the use of feeding resources (García Charton, Sánchez Jerez & Reñones, unpublished data 1996) . Hypotheses about food limitation that may be empirically corroborated in the field can be generated through model simulations of ecosystem functioning (McClanahan 1994b; Larkin 1996) . For instance, mass balance trophic models such as ECOPATH (Christensen & Pauly 1992 Arias-González et al. 1997 ; Arias-González 1998) allow questions such as 'what if the biomass of top predators in representative marine systems were much greater in MPAs than presently observed?' to be addressed. Predictions can thus be made about the capability of a given coastal ecosystem to sustain more biomass (Christensen & Pauly 1998) .
Habitat structure often explains a substantial proportion of the observed variation in abundance of fish species (Ault & Johnson 1998; Friedlander & Parrish 1998; García Charton & Pérez Ruzafa 1998) . However, direct empirical evidence that habitats are 'saturated' (i.e. reaching their carrying capacities) is difficult to obtain. In this sense, the observed response of fish assemblages to spatial variation of habitat complexity (sensu García Charton & Pérez Ruzafa 1998) is a necessary but not sufficient condition for space limitation to be demonstrated. Therefore, much more research effort needs to be directed to studies of both food shortage and habitat limitation. Habitat limitation at the settlement and pre-recruit stages is to be expected at high densities in reef fish (Hixon & Carr 1997 ) and structure-dwelling invertebrates (Caddy 1986; Wahle & Steneck 1991) but perhaps not in macroinvertebrates in open sand (Hastings & Botsford 1999) . The recruitment limitation hypothesis, in contrast, argues that resources on reefs are rarely limiting due to the high mortality rates of eggs and larvae in the pelagic environment and, as a consequence, there are never enough recruits to saturate the reef environment (Victor 1986; Planes et al. 2000) .
Density-dependent variations in life-history traits (see below) are indicative that resources may be in short supply.
For some stocks it appears that resources can be limiting for juveniles, and to a lesser extent for adults, but this limitation is not obvious in all stocks. Although resource limitation may not operate strongly for adults in present-day exploited stocks, the possibility that resource limitation of adults could be important in unexploited populations cannot be ruled out ( Jones 1989) . MPAs could be useful tools for testing these hypotheses.
Changes in the species life-history traits of growth rate, natural mortality rate and reproductive patterns
Growth rates
Growth rates of marine species show considerable plasticity in response to fluctuating availability of critical resources such as of food and shelter, population density, environmental factors and social interactions (Wootton 1990) . If resources are limiting in exploited populations, fishing would lead to reduced population size and, as a result, to increased resource availability and increased growth rates. The reverse should hold true and a primary response of marine populations to increased density should be a reduction in individual growth rate and, as a consequence, a decline in the mean size-at-age of the population. At high population densities, growth rate reductions may also occur by social interaction, whether food is limiting or not. This would occur through increased competition which affects the rate of food consumption or the rate of energy expenditure (Doherty 1983; Jones 1987a; Forrester 1990; Booth 1995) . This competitive interaction could be both between and within species, and could occur amongst and within cohorts depending on the overlap in resource use.
By the number of studies available, density dependence of growth rates is the best established of the density-dependent responses in marine species. In general, juveniles seem to exhibit clearer density-dependent responses than adults (Valiela 1984; Daan et al. 1990; Cushing 1995) . Evidence of compensatory density-dependent processes through increased growth rates at low densities is abundant in exploited populations of distantly related species (Table 2 ). Reduced growth rates at high densities have been reported for juvenile and adult phases of exploited populations in the case of strong year classes (Bannister 1978; Jones 1983; Rijnsdorp & van Leeuwen 1992 , during periods of reduced fishing mortality (Beverton & Holt 1957; Rijnsdorp & van Leeuwen 1992) and also from the comparison of areas with different population densities (Pollock 1991b (Pollock , 1997 . Manipulative experiments with coral reef fish (mainly Pomacentridae and Labridae species) also provide evidence that juvenile growth is inversely related to population density (Doherty 1983; Jones 1987a; Forrester 1990; Booth 1995) . However, there are studies of exploited fish populations where no correlation between growth rates and density has been detected (De Veen 1976; Rauck & Zijlstra 1978; Jones 1987b; Helser & Almeida 1997) . In these studies, differences in growth rates were attributed to variations in environmental factors such as temperature, oxygen and food availability, endogenous patterns of growth determined genetically, or to differences in interspecific interactions, amongst others.
The few studies available that compare growth rates of marine organisms in protected and exploited areas have not reported differences that could be attributed to variations in population density. Buxton (1993) compared the growth of two sparids, Chrysoblephus laticeps and C. cristiceps, in a large MPA with areas adjacent to it and found no differences in growth of C. laticeps but significant differences in the growth of C. cristiceps with higher growth rates in the protected area. Similarly, a study of the spatio-temporal variability of growth rates of juveniles of three Diplodus species in the Mediterranean did not show differences between fished and unfished areas (Planes et al. 1999 (Planes et al. , 2000 . Growth rates of the spiny lobster Panulirus argus in a Florida MPA were nearly twice those observed in adjacent fished areas in spite of its high density and appear to reflect optimal habitat conditions in the MPA (Davis & Dodrill 1989) .
Natural mortality
Fishery theory assumes that juvenile mortality is densitydependent while adult mortality is density-independent (Charnov 1986 ) and the same notion has been developed for coral reef fishes (Warner & Chesson 1985) . In fact, densitydependent mortality during the juvenile phase has been considered to be the compensatory mechanism that attenuates variability in year class strength in marine fishes (Myers & Cadigan 1993a) . Growth is a prime factor affecting survival of larval and juveniles phases of marine species due to there being a positive relationship between mortality and size (Lambert & Ware 1984; Butler & Nishimoto 1997; Gallego & Heath 1997) . The main biological processes that enhance density-dependent mortality during the early stages are predation and competition, the latter in turn leading to higher risk of predation (Lambert & Ware 1984; Wootton 1990; Pollock 1991a, b; Myers & Cadigan 1993b; Leggett & Deblois 1994; Hixon & Carr 1997) . Another process considered to increase mortality is disease enhancement at high densities (Letourneur et al. 1998) .
Density-dependent changes in mortality have not been reported in adults of marine fishes or macroinvertebrates. Conversely density-dependent variations in juvenile mortality have been documented in exploited populations of fishes such as Gadus morhua, Pleuronectes platessa, Merlangius merlangus, Solea solea, Merluccius productus and Epinephelus merra (Beverton & Illes 1992a, b; Myers & Cadigan 1993b; Butler & Nishimoto 1997; Letourneur et al. 1998; Pastoors et al. 1998) , as well as for the spiny lobsters Panulirus cygnus, P. marginatus and Jasus spp. (Chittleborough & Phillips 1975; Polovina 1989; Pollock 1993) . Experimental studies of density-dependent processes in juvenile reef fishes (mainly Pomacentridae and Labridae species) have yielded divergent results. Mortality was found to be density-dependent in some cases ( Jones 1987b ( Jones , 1988 Forrester 1990; Booth 1995; Hixon & Carr 1997 ) and density-independent in others (Doherty 1983; Victor 1986; Jones 1987a) . These discrepancies could reflect intraspecific variation in regulatory mechanisms, or could be partially explained by the different developmental stages and social status of the groups studied (Booth 1995) . To complicate matters further, the few studies that report density-dependent changes in mortality rates have found opposing results, that is, increased (Booth 1995) and reduced ( Jones 1987b ( Jones , 1988 Forrester 1990 ) survivorship with increased density.
In MPAs, increased mortality of juveniles may also be expected due to the high biomass of predators. Few studies have addressed changes in natural mortality in protected populations. Buxton (1993) found higher natural mortality in two sparid fishes, C. laticeps and C. cristiceps, in a MPA when compared with exploited areas. A study of juvenile fishes of the genus Diplodus in a North-western Mediterranean MPA showed that the mortality of recently-settled fish is densitydependent; however, no relationship was found with the level of protection because the density of settled juveniles was similar in the protected and the exploited areas, and habitat segregation existed between juveniles and adults (Macpherson et al. 1997 ). In the case of sedentary and territorial fish species that settle directly into the adult habitat, survival may be severely limited through predation by, or competition for suitable substrate with adult conspecifics. Such a density-compensatory mechanism has been hypothesized for Serranus cabrilla in North-western Mediterranean MPAs (Planes et al. 2000) . However, density-dependent (intra-cohort or inter-cohort competition or predation) and density-independent (interspecific relationships) sources of mortality could be very difficult to separate in MPAs.
In unfished populations of the abalone Haliotis laevigata, density-dependent mortality was found to be due to the combined effect of increased competition for shelter and predator-prey interactions (Shepherd 1990 ). However, intraspecific competition does not need always to increase with density, as shown by Tegner and Dayton (1976) who simulated the effects of fishing on the sea urchin Strongylocentrotus franciscanus, and observed higher survival of juveniles in areas of high adult density because they provide the needed protective canopy.
Reproductive traits
Age or size at maturity, timing of sex-change and size-specific fecundity have been described, or suggested, as the reproductive variables that could change as reproductive potential is lost through a reduction in stock size (Wootton 1990; Trippel 1995) . Changes in these traits would tend to offset the decline in population egg production as a result of reduced spawning stock biomass (Wootton 1990; Pollock 1995) and is thought to contribute to preventing some stocks from reaching extremely low levels (Trippel 1995) .
The effect of a change in population density on the age and size at maturity depends primarily on the effects of density on growth and mortality during the juvenile phases (Stearns & Crandall 1984) . A number of studies have demonstrated that growth rates and maturity are closely related. Thus, populations of a given species may differ in the age or size at maturity in relation to latitude, food supply or any environmental or social factor that affect the rate of growth (Stearns & Crandall 1984; Hartnoll 1985; Trippel et al. 1997) . Stearns and Crandall (1984) modelled the possible trajectories of age and size of first maturity of organisms under an environmental stress that results in slower growth. Their model shows that a reduction in growth rate (as it could occur when population density increases) brings a delayed age at maturity. However, as a change in growth rate produces a change in size-at-age, the size-at-maturity could be smaller, equal or, more rarely, larger. No study has apparently yet assessed change of this reproductive trait in MPAs, however a decrease in the age at first maturity in fish populations in response to a progressive reduction in abundance induced by exploitation has been widely documented (Table 2 ; review in Trippel 1995) . Most studies have reported maturation at a younger age accompanied by a decline in the size-at-maturity (Rijnsdorp 1991 (Rijnsdorp , 1993 Zhao & McGovern 1997; SaboridoRey & Junquera 1998) , but some have reported no changes in size-at-maturity (Table 2) . In spiny lobsters, maturity has been thought of as age-specific rather than size-specific (Beyers & Goosen 1987; Pollock & Goosen 1991) and both increases and reductions in size-at-maturity have been reported in association with reductions in population density (Table 2) . It should be noted that since both short-term fishing effects (phenotypic changes) and long-term fishing effects (genotypic changes) may influence age-at-maturity in a similar manner, some of the reported reductions in age-atmaturity in exploited populations could be densityindependent and caused by genetic selection towards early-maturing individuals ( Jorgensen 1990; Pollock 1995; Harris & McGovern 1997; Zhao & McGovern 1997) .
Timing of sex change is also considered a plastic trait in some sequential hermaphrodite fishes, where it seems to be under exogenous control. It has been suggested that sociallymediated sex change occurs either by assessment of relative size or of sex-ratio (Shapiro 1981; Ross 1990) . Reductions in the size and/or age of sex reversal have been documented in depleted populations of Pagrus pagrus (Harris & McGovern 1997) , Mycteroperca microlepis and M. phenax (Coleman et al. 1996) as a result of the change in sex-ratio induced by sizeselective or sex-selective fishing. The same trend, namely reduction in the size and age of sex change, has been observed at high population densities, both in experimental and natural populations of labrid and scarid fish species (Warner & Hoffman 1980a, b; Warner 1982; Lejeune 1987; van Rooij et al. 1996) . Conversely E. morio has not experienced reduction in the size of sex change after 25 years of exploitation (Coleman et al. 1996) . A high proportion of young males and transitional-sex individuals of Plectropomus leopardus was found in fished versus unfished reefs of the Great Barrier Reef (Ferreira & Russ 1995) . Harmelin et al. (1995) also reported that fishing pressure modified the social conditions in a Mediterranean wrasse, Coris julis, population and induced earlier sex change. Buxton (1993) reported that sex ratios outside a MPA in South Africa were skewed towards the females in the protogynus sparid fish C. cristiceps and C. laticeps. Size at sex change was also significantly smaller for C. cristiceps, but not so for C. laticeps. Fishing removes both males and dominant females in C. cristiceps and would provide a greater opportunity for sex change in progressively smaller females whereas some of the mature age classes of C. laticeps were not recruited to the fishery (Buxton 1993) .
Density-dependent regulation of fecundity may also serve to stabilize marine populations. If growth rates increase in depleted populations, size-specific fecundity is also expected to increase (Kjesbu et al. 1991; Rijnsdorp 1991 Rijnsdorp , 1993 Trippel 1995) . Although the existence of this change has been established experimentally, field evidence for density-dependent regulation of fecundity is often equivocal and only a few studies provide conclusive data. Rijnsdorp (1991 Rijnsdorp ( , 1993 reported an increase in sizespecific fecundity for the smaller size classes of P. platessa since 1900 and a reduction in this trait during the Second World War when fishing was substantially reduced; lack of correlation between fecundity and ovary weight was interpreted as a change in the energy allocation from a small number of large eggs to a large number of small eggs. Koslow et al. (1995) reported a sharp increase in relative fecundity when a population of the long-lived teleost fish Hoplostethus atlanticus was fished down to 50%. This compensatory response has also been reported in other fish species (Table  2) . Similarly, DeMartini et al. (1993) reported an increase of 16% in size-specific fecundity of the spiny lobster P. marginatus after 14 years of exploitation. In the lobster P. cygnus off Western Australia, Chittleborough (1976 Chittleborough ( , 1979 observed an increase in the frequency of spawning in association with reduced population density.
It is important to note that, contrary to the above, in some cases a reduction of fertilization or mating success has been observed at low population densities; this is the so-called Allee effect. This depensatory density-dependent response may be potentially important in marine organisms that reproduce by releasing gametes into the environment. In some marine invertebrates, the proportion of released eggs that become fertilized has been shown to be density-dependent (Penningthon 1985; Levitan 1991; Levitan et al. 1992) . Also, the loss of reproductive potential due to rarity may be important in marine organisms that aggregate for spawning since the decline of adults that aggregate is more pronounced than the decrease in density (Shepherd & Brown 1993; Coleman et al. 1996) .
Biomass export or spillover effects from MPAs
When the density of a population is higher inside a MPA than in adjacent unprotected areas, random movements are expected to produce a net emigration from the reserve (Rakitin & Kramer 1996) . Furthermore, frequency-dependent models of animal distribution such as the ideal free distribution predict that, when the species fitness is affected by the relationship of population density and resource availability, animals prefer to move away from areas where their density is high (Rakitin & Kramer 1996) . Emigration of individuals from MPAs has been proposed as a potential benefit of MPAs for fisheries management and population replenishment (Russ & Alcala 1996) . Emigration has also been proposed as the explanation for the lack of difference in abundance of some species between MPAs and fished areas reported in some studies (Childress 1997) . Kramer and Chapman (1999) examined the implications of coral fish home range size and relocation on MPA function and ability to increase abundance outside. Species with intermediate levels of mobility and of density-dependent space use are predicted to provide the greatest spillover benefits to nearby fisheries . Potential emigration could thus be important for non-pelagic fishes and some invertebrates such as lobsters and shrimps. These species may spend enough time inside MPAs to have a significant reduction in fishing mortality while having the ability to move outside MPAs. Highly mobile species like pelagic fish could move easily in and out of MPAs, but additional production of biomass, if any, attributable to protection will be low, and will be related to the time spent in the MPAs (Bohnsack 1992) . The stage of development may also be an important determinant of mobility, as in the spiny lobster P. argus, where the juveniles may undergo long-range migrations while the adults tend to exhibit site-attached behaviour (Hunt et al. 1991) . Sessile or highly sedentary species such as many invertebrates could not emigrate significantly during their adult life. For reef fishes, Roberts and Polunin (1991) concluded that although a considerable potential exists for movement across MPA boundaries, any significant enhancement of fisheries by emigration would be fairly localized around MPAs.
Despite the potential of biomass export from MPAs as a management tool for fisheries and species replenishment, there is remarkably little evidence of this effect so far. In the following sections we review evidence of export from tagrecapture studies, studies of gradients of abundance across MPA boundaries and from commercial fisheries established near or around MPAs.
Evidence from tag-recapture studies
Some studies have demonstrated that fish or invertebrates tagged and released inside MPAs may be caught outside them (Davis & Dodrill 1980 Gitschlag 1986; Yamasaki & Kuwahara 1990; Hunt et al. 1991; MacDiarmid & Breen 1993; Attwood & Bennett 1994; Bohnsack 1998; Goñi et al. in press ). However, these kinds of studies usually do not demonstrate that emigration is higher than immigration. Goñi et al. (in press) discuss the difficulties inherent in tagrecapture experiments conducted to assess net movement across MPA boundaries when recapture possibilities (fishing effort) is lower inside than outside the MPA and when fishing effort is not well known. Gitschlag (1986) showed that movement of tagged pink shrimp Penaeus duorarum occurred from a MPA in Florida Bay to open areas with little movement into the MPA. For the grouper E. marginatus in the Port Cros National Park (North-western Mediterranean), Chauvet and Francour (1990) concluded that the population had a constant demographic structure but that up to half of individuals were renewed each year, suggesting that both immigration and emigration occurred. MacDiarmid and Breen (1993) showed that five years after the creation of a MPA in New Zealand in 1978, the population of the spiny lobster Jasus edwardsii had experienced a 4.5-fold increase in abundance with a shift in the proportion of large mature individuals. In the subsequent nine years, the density of the population changed little and the abundance of large males declined. Males of this species move in summer to deeper waters beyond the boundary of the MPA and are caught by commercial fishers specifically targeting these migrants. A similar pattern is hypothesized by Goñi et al. (in press) for P. elephas in a MPA in the western Mediterranean. In the small core area (0.5 km 2 ) of a MPA in the Florida Keys, the density and size structure of the lobster P. argus were similar to those in open fished areas and the density was 3 to 6-fold lower than in other larger MPAs of the Keys (Hunt et al. 1991) . In all three lobster studies it has been suggested that due to the small size of the areas protected, lobsters move out of the MPAs either during nocturnal foraging or during seasonal migrations and are being removed by the surrounding intense commercial or recreational fisheries. However, although lobster density inside the MPAs was generally higher than outside, density-dependent emigration from protected areas could not be verified. Results of P. argus tagging studies in the Dry Tortugas MPA in the Florida Keys revealed a resident adult population that exhibited limited movements between shallow waters in summer and deeper waters in winter. In contrast, MPAs in Florida Bay serve as nursery areas which the juvenile P. argus abandon to undergo migrations of up to hundreds of kilometres to enter adult habitats where they are exposed to fishing (Davis & Dodrill 1980 .
Not all tagging studies have shown movements across MPA boundaries. Some fish species such as grunts (Haemulon spp.) are fairly sedentary and all recaptures were made within a 5 m radius of the capture/release point (Tupper & Juanes 1999) . Similarly, 93% of recaptures of the goatfish Mulloides flavolineatus occurred at the release site (Holland et al. 1993) . Reduced movement of fishes across MPA boundaries has also been reported in other studies (Buxton & Allen 1989; .
Gradients of abundance across MPA boundaries
Emigration of fish from MPAs is expected to produce gradients of abundance and mean size across MPA boundaries. Rakitin and Kramer (1996) found that fish trap catches decreased gradually with distance from the centre of a MPA in Barbados, but this gradient of abundance was less evident in visual counts of fishes of trappable sizes, and was not apparent in trap or visual census estimates of abundance for individual species; the MPA protected fishes from fishing mortality but emigration rates were low. Chapman and Kramer (1999) later corroborated these results and attributed low emigration to large expanses of sand between coral reefs that inhibit movements of many reef fishes. Sluka et al. (1997) found that biomass of the grouper E. striatus in the area 5 km around the boundaries of a Bahamas MPA was more comparable to the biomass inside the MPA than to that in areas further away.
On the basis of underwater visual census monitoring of large predatory coral reef fish, a significant positive correlation was found between mean densities and years of protection both in the Apo marine reserve and in areas outside the reserve in the Philippines after nine years of protection (Russ & Alcala 1996) . This study constitutes the only evidence that biomass export from MPAs could be a density-dependent process, since the ratio of density in the reserve to that outside the reserve increased during the first years of protection and decreased thereafter, but alternative hypotheses could not be rejected.
Evidence from commercial fisheries near MPAs
It has been noted that fisheries that exploit species with some natural habitat refuge from current fishing techniques appear to be more robust and dependable over time than fisheries on species that have no natural refuges (Beverton & Holt 1957; Caddy 1990; Dugan & Davies 1993) . Similarly, MPAs, as natural refugia, may increase fish stocks in adjacent areas through emigration of adult, juvenile and larval stages (Alcala & Russ 1990; McClanahan & Kaunda-Arara 1996) . The best available evidence of fishery enhancement by MPAs is found in the Sumilon Island reserve in the Philippines (Alcala & Russ 1990) . Fish trap catch rates in the non reserve area of the reef increased during a 10-year period after its creation. At the end of that period, enforcement failed and this resulted in intensive fishing inside the reserve. Two years after protection ceased, total yield decreased to 54% (relative to the last year of protection) in spite of the expansion of fishing grounds (reserve plus non reserve areas) and catch rates declined by 33% to 58% depending on the fishing gear considered. Comparison of catch per unit effort (CPUE) in Sumilon with other exploited reefs showed significant differences before the violation occurred but did not differ during the violation period. The most likely mechanism for the maintenance of high yields in areas adjacent to the reserve was considered to be emigration of adult fishes from the reserve (Alcala & Russ 1990) , which may be a response to a shortage of resources such as food or habitat in the protected area.
The establishment of a MPA that covered 2% of a fishing ground for snow crabs in Japan resulted in a 46% increase in mean CPUE in adjacent areas after the fifth year of protection (Yamasaki & Kuwahara 1990) . Fishery enhancement was most evident within 5 km of the crab MPA, and tag-recapture studies demonstrated male dispersal from the protected area (Yamasaki & Kuwahara 1990) .
When compared with other fishing grounds used by fishers, the CPUE of the artisanal fishery around a MPA in the Western Mediterranean was higher (Mas & Barcala 1997) . The total yield of the small-scale fishery around this MPA did not change significantly after the MPA was created (Mas & Barcala 1997) , but the catch of some highly soughtafter species such as Dentex dentex, E. marginatus, and P. pagrus increased (Ramos et al. 1992; Mas & Barcala 1997) . In contrast, the artisanal catch of Sciaena umbra, also a sought-after species with higher densities inside the MPA (Bayle 1999) , declined.
In Kenya, the protection of 65% of a fishing ground produced a similar reduction in the number of fishers, a decline of 35% in total fish catch and an increase of 110% in CPUE (McClanahan & Kaunda-Arara 1996) . Although the catch in the 1-2 km wide area along the edge of the MPA increased, presumably through spillover, this could not compensate for the loss of a relatively large part of the fishing ground. The low edge-to-area ratio of large MPAs may be partially responsible for the decline in total catch despite increased fish abundance in the MPA (McClanahan & Kaunda-Arara 1996) .
Probably the best fishery evidence of biomass export from MPAs is that often fishing effort is very high at the boundaries of protected areas, suggesting that catch rates are improved close to them (Shorthouse 1990; Craik 1991 in Rowley 1994 McClanahan & Kaunda-Arara 1996; Goñi et al. in press) . In some cases, a change in the attitudes and perceptions of fishers occurs after the protection, also suggesting that commercial catches in nearby areas have improved (Shorthouse 1990; Badalamenti et al. 2000) .
Discussion
It has been largely documented both in tropical and temperate areas that the cessation of fishing leads to increased abundance and changes in the demographic structure of exploited populations due to the combined effects of population and habitat protection. However, populations cannot increase endlessly and resource availability, recruitment, inter-specific and intraspecific interactions, as well as the rates of immigration and emigration, will determine in each case the maximum size that a population can attain inside a MPA. Figure 1 illustrates the main changes and processes that are expected to take place when fishing mortality is reduced and a population is allowed to recover in a MPA. Reduction of fishing mortality should lead to increased survival and to a shift towards bigger and older individuals. This in turn will increase the reproductive potential of the protected populations. The resulting higher abundance and biomass in the MPA may result in increased competition that may in turn trigger compensatory mechanisms which will tend to dampen the rate of population growth (Fig. 1) . Up to now, there are very few long-term series of density estimates in and around MPAs before and after protection to verify this assumption in the context of protected populations.
But, what is the evidence for density-dependent modifications of life-history traits of protected populations? Few studies have been directed at evaluating this question and up to now no evidence has been obtained from comparisons of populations inside and outside of MPAs (Davis & Dodrill 1989; Buxton 1993; Ferreira & Russ 1996; Macpherson et al. 1997; Planes et al. 1999) . Due to the lack of time-series data of biological variables for the populations studied in MPAs, in general these studies are based on spatial comparisons. Considering the great plasticity of life-history traits of marine species, in particular of growth rates, it is hardly surprising that comparisons of geographically-separated populations have yielded equivocal results. Also, since many MPAs are placed in singular or in exceptional habitats, the results may be interpreted as an absence of density-dependent changes while differences in life-history traits are in fact due to the especially favourable conditions for growth and survival often encountered in MPAs (P. argus in Florida Bay, Everglades National Park; Davis & Dodrill 1989) .
Alternatively, compensatory density-dependent modifications in growth rates and, as a consequence, in age-at-maturity and size-at-maturity have been identified following changes in density induced by fishing or in the case of strong year classes. Density-dependent changes in juvenile natural mortality or in relative fecundity have also been documented in some fish and lobster populations. In populations protected in MPAs, losses of reproductive potential brought about by plausible density-dependent reductions in growth, size-at-maturity or relative fecundity, may be offset by the greater reproductive potential of greater numbers of large individuals. A positive feedback would also be produced in species where high density increases the mating or fertilization success.
The main mechanisms that could control the population size in MPAs are the increase of natural mortality and emigration; independently they are the result of densitydependent or density-independent processes. The type and extent of protected habitats and of the habitats surrounding a MPA in relation to the mobility of the species will determine the relative importance of emigration. For species with intermediate mobility, density-dependent migration from saturated, resource-limited habitat to less crowded areas or density-independent directional or random movements, is expected to regulate the density of the populations inside MPAs. However, in the case of highly-sedentary species or of MPAs encompassing isolated habitats, increase in the density of populations that are not limited by recruitment is expected to trigger increases in mortality to regulate the populations to the carrying capacities of the MPA concerned.
Lack of the necessary types of habitat inside MPAs can exacerbate food and/or space limitation. Recognition of species' resource requirements, such as for food or habitat, has important implications for proper MPA management (Carr & Reed 1993) . There needs to be assurance that MPAs include enough habitat diversity for the feeding activities and habitat requirements of the target species to be satisfied and for the integrity of ecosystem processes. In some marine species, emigration from MPAs could be related to changes in habitat requirements during their life history, as many marine species undergo seasonal and ontogenetic bathymetric or habitat changes (Davis & Dodrill 1980 Gitschlag 1986; MacDiarmid & Breen 1993) . Because diversity of habitats is often dependent on area, this condition is closely related to the sizes of MPAs. The effective sizes of MPAs depend on the home ranges and habitat requirements of the species to be protected (Bohnsack 1996) . Even small MPAs have been shown to protect some species with restricted movements, but large areas may be needed to protect more mobile species (Childress 1997) . Also, high perimeter/area ratios will favour biomass export from MPAs and several small MPAs of similar area will always have a higher perimeter/area ratio than a single large MPA, with the shape of the MPA also influencing this ratio. Spillover will also be influenced by the habitats bordering MPAs since many species are habitat-specific. The permeability of MPA edges may be increased by placing MPAs within large patches of similar habitat. Alternatively, spillover may be limited from MPAs that protect separate patches of similar habitat separated by expanses of unfavourable habitat or deep water (Stamps et al. 1987; Rowley 1994; .
The relevant question for managers is the proportion of the area of distribution of a population that must be protected to produce significant benefit, either in terms of fishery catches or of population recovery in and beyond the MPA. In this respect, a number of different figures have been proposed in recent years, from the 10% of all marine and coastal areas in the context of marine conservation objectives (Ballantine 1991; Kelleher et al. 1995) to the 20% or more of the main range of any exploited population in the context of fisheries management objectives (PDT [Plan Development Team] 1990 ). For reef fish in the Philippines, protection of 10-25% of the reef area was considered effective (Alcala & Russ 1990; Russ & Alcala 1996) . A Florida shrimp sanctuary which represented only 6% of the Tortugas fishing grounds contained 36% of the total estimated pink shrimp population (Roberts 1986 ). On the other hand, in Kenya, the protection of 65% of the fishing area doubled CPUE but reduced total catch and the number of fishers (McClanahan & KaundaArara 1996) . In the Mediterranean, the size of MPAs is generally too small to produce significant increase in the fisheries at regional scales, but higher catch rates around the borders could compensate for the loss of fishing grounds for local fishers and may increase local support for MPAs. Additionally, in many protected areas in the Mediterranean, some kind of fishing is allowed inside them with very small core areas where no fishing is allowed (Boudouresque & Ribera 1993) .
Conclusions
The reduction of fishing mortality in MPAs tends to produce an increase in the abundance and biomass as well as a shift towards bigger and older individuals of previously-exploited populations. This has been demonstrated mainly for slowgrowing and low-mobility predatory species in populations that have been heavily exploited. Increase in density of adult individuals in MPAs could lead to changes in population dynamics. MPAs must allow exploited species that are susceptible to depensatory responses to reach a minimum density and thus avoid the reduced reproductive potential due to rarity. On the other hand, as densities approach carrying capacities in MPAs, compensatory changes may occur that tend to reduce rates of population growth. Compensatory density-dependent processes could involve changes in biological parameters (reduction in growth, increased mortality or reduction of reproductive success) or increased exportation rates from the MPAs. Most evidence of compensatory changes in biological variables has been found in exploited populations as a result of depletion at high fishing mortalities or in cases of strong year classes. However, these changes are more evident in juveniles than in adults and in closed (freshwater) systems than in open (marine) systems. It is not clear if adults of exploited marine populations are resource limited. If they are not, exploited populations are controlled mainly by density-independent processes, but this could be a consequence of the depleted state of most exploited populations. MPAs could be a useful tool for testing these hypotheses. This review of the available evidence of density-dependent changes in life-history traits highlights the difficulty of separating density-dependent and density-independent processes that control the size of marine populations.
If we assume that resources may become limiting inside MPAs, it is plausible that, if suitable habitats exist, mobile species will tend to search for resources outside the protected areas, leading to exportation of biomass to areas open to fisheries. Given the small size of most MPAs, in particular in the Mediterranean Sea, emigration from the MPAs is potentially the main mechanism that will control the biomass inside, regardless of whether it results from density-dependent or density-independent responses. This process has important implications for the use of MPAs as fisheries management tools. Up to now, some evidence of biomass export from protected areas is available and, in some cases, indicates significant changes in the yields of fisheries immediately around MPAs. However, it is not possible to establish whether this export of adult individuals is a response to resource limitation inside the protected area or of random movements across MPA boundaries.
